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In this  study,  yttrium-doped  calcium  zirconate  powders  were  synthesized  by the  conventional  solid-
state reaction  method.  The  improved  emf  apparatus  has  been  applied  to  measure  the  electrochemical
values  in the  Y-doped  CaZrO3 system.  The  electromotive  force of  CaZr0.96Y0.04O3−˛ has  been measured  by
electrochemical  cells of  the  type.
(−,  ref.), Pt, gas  mixture(p′O2 ,  p
′′
H2
)|CaZr0.96Y0.04O3−˛|gas  mixture(p′′O2 , p
′′
H2
), Pt, (meas,  +.)
The  electromotive  force  (emf)  was  measured  for various  oxygen  and  hydrogen  chemical  potential  gradi-
ents. The  measurements  were  performed  in a hydrogen-rich  atmosphere  for the  temperature  range  from
973  to 1473  K.  For  almost  all  the conditions  in  the  experiment,  the  measured  emfs  were  well  explained  by
regarding  that  the  substantial  predominant  charge  carrier  is the  proton.  Under  the  hydrogen-rich  atmo-
sphere  investigated,  it was found  that the  emf  generated  only  with  the hydrogen  activity  gradient.  The
detailed  analysis  of  the  obtained  emf  data  showed  that  the  transport  number  of  proton  in  CaZr0.96Y0.04O3−˛
is  almost  unity  for the  hydrogen-rich  atmosphere  and  its proton  conduction  domain  is  a little  wider  than
that  of  the  In-doped  CaZrO3 system.
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. Introduction
For measurement of high-temperature combustion gases
ncluding NOx, CO, H2, etc., mixed potential gas sensors utilized
olid-electrolyte YSZ (yttria-stabilized zirconia) and metal-oxide
ensing electrodes have been known as very good and promising
elections. One of the most interesting sensing electrodes material
s the perovskite-type oxide ABO3 (A cation of rare earth element, B
ation of 3d transition metal and O anion of oxygen) due to having
ore exciting gas-catalytic characteristics, stability and robustness
n high temperature environments. Proton or oxide-ion conduct-
ng solid oxide electrolytes are useful for various electrochemical
evices. They have been also proposed for membrane reactors, e.g.,
olid oxide fuel cells (SOFCs) are important as alternative electrical
ower generating systems with high energy-conversion efﬁciency.
ecently, several perovskite-type proton conducting oxides such as
aZrO3- and BaCeO3-based materials have been suggested as alter-
ate electrolyte materials for the intermediate temperature fuel
ells owing to their higher ionic conductivities and lower activationPlease cite this article in press as: B. Jinxiao, et al., Electrochemical pr
(2016), http://dx.doi.org/10.1016/j.jascer.2016.05.007
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187-0764 © 2016 The Ceramic Society of Japan and the Korean Ceramic Society. Producti
icense (http://creativecommons.org/licenses/by-nc-nd/4.0/).
57cess  article  under  the  CC  BY-NC-ND  license  (http://creativecommons.org/
licenses/by-nc-nd/4.0/).
energy as compared to the conventional oxygen-ion conducting
electrolytes. In this class of compounds, yttrium-doped CaZrO3
(CZY) and BaCeO3 (BCY) exhibited considerable proton conductiv-
ity with a low migration energy in the intermediate temperature
range. Nevertheless, materials for proton conducting membranes
are still not sufﬁciently developed, and therefore extensive investi-
gations of proton absorption and migration mechanisms, as well as
further application tests are needed. As a solid electrolyte has the
properties of both solid and ion conductor, it has been generally
utilized conveniently for chemical sensors, fuel cells, coulomet-
ric measurement devices, etc. Especially, proton-conducting solid
electrolyte CaZr0.9In0.1O3−˛ is chemically and mechanically stable
at high temperatures. Therefore, it has been applied for molten
metal hydrogen sensors and further practical applications are
ongoing [1–5]. Meanwhile, in some temperature and surround-
ing atmosphere conditions, positive hole or oxygen ion conduction
would occur in addition to the proton conduction; in that case, the
output of the sensor would be affected not only by the hydrogen
concentration but also by the oxygen concentration. In order to
broaden such applications, it is necessary to grasp its electrochem-
ical properties exactly in regard to temperature and surroundingoperties of CaZrO3--based solid electrolyte, J. Asian Ceram. Soc.
atmosphere conditions [6–9].
In recent years, we  have been studying the electrochemical
properties of CaZrO3-based oxides under high temperatures and a
wide range of hydrogen and oxygen potentials. For Y-doped CaZrO3,
on and hosting by Elsevier B.V. This is an open access article under the CC BY-NC-ND
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e recently reported the result of conductivity measurement and
roposed conduction parameters for this system [10].
. Experimental details
.1. Material preparation
CaZrO3−˛-based solid electrolyte was prepared by a solid-state
eaction method, and the starting materials are the 99.99% purity
aCO3, ZrO2 and Y2O3 powders. The mechanochemical treatment
as carried out in a nitrogen atmosphere using a planetary ball
ill with an agate pot and ball. The rotation speeds of the milling
ot and table were maintained at 720 rpm with a constant rota-
ion ratio of 1:1:1 for 1 h. The volume of the pot was  45 mL  and 10
alls of 10 mm diameter were used for the mechanochemical treat-
ent. The powders were mixed in a ball mill and cold-isostatically
ressed into pellets at 200 MPa, and ﬁnally sintered at 1600 ◦C for
0 h in air. The pellets were ground again and sieved into a uniform-
ized powder. The powder was pressed into pellets using 10-mm
iameter dies at a pressure of approximately 1.5 ton cm−2, and then
tatically pressed at a pressure of approximately 2 ton cm−2. Finally,
he pellets were calcined in alumina crucibles at the optimum tem-
erature of 1873 K for 16 h in air to obtain CaZrO3−˛-based solid
lectrolyte polycrystalline ceramics. The heating and cooling rates
ere 5 ◦C/min. The phase composition and crystalline structures of
he as-prepared ceramics were analyzed by X-ray diffraction (XRD,
ruker D8 Advance, with Cu K radiation) from 20◦ to 80◦. The
urface morphologies were ﬁgured directly using a scanning elec-
ron microscopy (SEM, Philips XL30FEG). The electrolyte used in
his study was a sintered polycrystalline tube of the composition
-doped CaZrO3 supplied by company of QITONG. The obtained
ength tube 380 mm was with inner diameter 16 mm and outer
iameter 15 mm.  We  used samples with a compact density of 96%
r higher for the electromotive force measurements. Based on the
revious research for the XRD pattern of the CaZr0.96Y0.04O3−˛ spec-
men [10], we knew that the sample had the perovskite structure.
.2. Theoretical formula of cell
Here, we consider the emf  of the following gas con-
entration cell theoretically: (ref., −), Pt′, mixed gas(′O2 , 
′
H2
)|
aZr0.96Y0.04O3−˛|mixed gas(′′O2 , 
′′
H2
), Pt′′, (+, meas.)
When an electrolyte is kept in a state where the activities of the
harge carrier-relating component are kept at different values at
heir ends, an electrical potential difference occurs across the elec-
rolyte. Wagner derived the emf  generated across the electrolyte
nder the condition that the component gradient and the elec-
ronic conduction are included. The electrical potential gradient
stablished in the electrolyte is given as follows [11]:
dϕ
dx
= −1
F
∑
i
(ti/zi)di/dx (1)
here ϕ is the potential of internal electrolyte, F is the Faraday
onstant, ti is the transport number of charge carrier i, Zi is the
alence of the charge carrier and i is the chemical potential of the
harge carrier.
If we assume that the charge carriers are interstitial protons, H
•
i ,
ositive holes, h•, oxide ion vacancies, V
••
O , and excess electrons, e
′,Please cite this article in press as: B. Jinxiao, et al., Electrochemical pr
(2016), http://dx.doi.org/10.1016/j.jascer.2016.05.007
he formula becomes as follows:
ϕ = −1
F
(tH•
i
dH•
i
+ t
h
• d
h
• + 1
2
tV••O
dV••O
− te′de′ ) (2) PRESS
ic Societies xxx (2016) xxx–xxx
Here, we  consider the following local equilibria everywhere in
the electrolyte:
1
2
H2 + h
• = H•i (3)
1
2
O2 + V
••
O = O×O + 2h
•
(4)
e′ + h• = 0 (5)
Considering Eqs. (3)–(5) are the reactions in homogeneous
phase, the following differential type equations are obtained from
the balance of electrochemical potentials:
1
2
dH2 + dh• = dH•i (6)
1
2
dO2 + dV••O = 2dh• (7)
de′ + dh• = 0 (8)
where the concentration of normal oxide ion does not change so
largely, and it is estimated that O×
O
= const.
Furthermore, using the relationship of tH•
i
+ th• + tV••O + te′ = 1
and substituting Eqs. (6)–(8) into Eq. (2), we  get the following equa-
tion:
dϕ = −1
F
(
dH•
i
− 1
2
dH2 +
1
2
tH•
i
dH2 −
1
4
tV••O
dO2
)
(9)
Integrating both the sides of the above equation from the left to
the right end of the electrolyte, we get,
∫ ϕ′ ′
ϕ′
dϕ = −1
F
∫ ′′
H•
i
′
H•
i
dH•
i
+ 1
2F
∫ ′′H2
′H2
dH2 −
1
2F
∫ ′′H2
′H2
tH•
i
dH2
+ 1
4F
∫ ′′
O2
′
O2
tV••O
dO2 (10)
Thus, the potential difference between the ends of the elec-
trolyte could be represented as follows:
ϕ′ ′ − ϕ′ = −1
F
(′′H•
i
− ′H•
i
) + 1
2F
(′′H2 − 
′
H2
) − 1
2F
∫ ′′H2
′H2
tH•
i
dH2
+ 1
4F
∫ ′′
O2
′
O2
tV••O
dO2 (11)
In the meantime, the following heterogeneous equilibria are
being established among the electrolyte, platinum electrode and
surrounding atmosphere.
H•i {electrolyte(Left)}  + e′{Pt′} =
1
2
H2{gas(Left)} (12)
H•i {electrolyte(Right)} + e′{Pt′′} =
1
2
H2{gas(Right)} (13)
Therefore, taking the balance of the electrochemical potentials
of both sides of Eq. (12) and Eq. (13),
(′H•
i
+ F′) + (e′ − F′Pt) =
1
2
′H2 (14)
(′′ • + F′′) + (′′′ − F′′ ) = 1′′ . (15)operties of CaZrO3--based solid electrolyte, J. Asian Ceram. Soc.
H
i
e Pt 2 H2
where ′e′ and 
′′
e′ are the chemical potentials of the electrons in
each platinum electrode at the same temperature, therefore, ′e′ =
′′e′ .
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Subtracting Eq. (15) from Eq. (14) side by side, we  get
′′ − ′ = −1
F
(′′H•
i
− ′H•
i
) + 1
2F
(′′H2 − 
′
H2
) + (Pt′′ − Pt′ ) (16)
By substituting Eq. (16) into Eq. (11), we get the emf  of the cell
 = ϕPt′′ − ϕPt′ as follows:
 = − 1
2F
∫ ′′H2
′H2
tH•
i
dH2 +
1
4F
∫ ′′
O2
′
O2
tV••O
dO2 (17)
Based on this equation, the emf  is considered as the sum of
he term of hydrogen potential difference and the term of oxygen
otential difference.
Here, we examine the emf  of this cell in the following speciﬁc
onditions of the electrode potentials:
1) ′O2 = 
′′
O2
In this case, the latter term of Eq. (17) can be neglected. The
emf  of this hydrogen concentration cell is shown as follows
using the activity of hydrogen pH2 .
E = − 1
2F
∫ ′′H2
′
tH•
i
dH2 = −
RT
2F
∫ ′′H2
′
tH•
i
d ln pH2 (18)Please cite this article in press as: B. Jinxiao, et al., Electrochemical pr
(2016), http://dx.doi.org/10.1016/j.jascer.2016.05.007
H2
H2
2) ′H2 = 
′′
H2
Fig. 1. Schematic view of experimental apparatus.
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In this case, the former term of Eq. (17) can be neglected. The
emf  of this oxygen concentration cell is shown as follows:
E = 1
4F
∫ ′′
O2
′
O2
tV••O
dO2 =
RT
4F
∫ ln p′′
O2
ln p′
O2
tV••O
d ln pO2 (19)
(3) ′H2O = 
′′
H2O
In this condition, we can assume H2O = const throughout
the electrolyte. Therefore, using the equilibrium relation H2 +
1
2O2 = H2O, we get,
−2dH2 = dO2 (20)
Thus, the emf  is represented using Eq. (17) as follows:
E = − 1
2F
∫ ′′
H2
′
H2
(tH•
i
+ tV••O )dH2 =
1
4F
∫ ′′
O2
′
O2
(tH•
i
+  tV••O )dO2
= −RT
2F
∫ ln p"
H2
ln p′
H2
(tH•
i
+  tV••O )d  ln  pH2 =
RT
4F
∫ ln p"
O2
ln p′
O2
(tH•
i
+  tV••O )d  ln  pO2
(21)
In this paper, this cell is called the hydrogen-oxygen concen-
tration cell.
2.3. Cell assembly
The electrolyte used in this study was  a sintered polycrystalline
tube of the composition CaZr0.96Y0.04O3−˛. The tube was  closed at
one end and was with 15 mm outer diameter, 16 mm inner diam-
eter and 380 mm length. Porous platinum electrodes were applied
to both the inner and outer surfaces over 10 mm  from the tip of
the closed end of the tube. The porous platinum coating was  pre-
pared by painting with commercial platinum paste and ﬁring in
the air. Platinum lead wire was attached to the electrode by sinter-
ing. The following gas concentration cell was  composed using the
outer and the inner electrode as the standard and the measuring
one, respectively.
(−, ref.), Pt, gas mixture(p′O2 , p
′′
H2
)|CaZr0.96Y0.04O3−˛|
gas mixture(p′′O2 , p
′′
H2
), Pt, (meas, +.)
The oxygen and hydrogen activities at the electrode were con-
trolled by the gas mixture H2O–H2–Ar supplied to the electrode
and equilibrated at the measurement temperature. The mixing
ratio was  controlled by ensuring that the mixture of H2/Ar of pre-
determined ratio were over-saturated with water vapor and then
equilibrated in a heat bath held at a constant temperature to adjust
the water vapor to the desired partial pressure. For a more detailed
procedure of the activities control, another paper [12] should be
consulted.
The schematic view of the cell assembly was shown in Fig. 1.
The emf  measurement was performed at temperatures from 973
to 1473 K with an interval of 100 K.
3. Results
3.1. Response of the emfoperties of CaZrO3--based solid electrolyte, J. Asian Ceram. Soc.
Fig. 2 shows the emf  change at 1373 K when the hydrogen
activity of the measuring electrode was  changed by keeping the
activities of the reference electrode at p′H2O = 0.01, p
′
H2
= 0.01.
In this measurement, the water vapor concentration in the gas
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273Fig. 2. Emf responses to th
ixture supplied to the measuring electrode was changed simul-
aneously so as to keep the oxygen activity at both electrodes at
he same value of 3.82 × 10−14. As shown in the picture, the emf
hanges prominently by the change of partial pressure of hydrogen.
onsidering the capacity of the experimental apparatus and the
as ﬂow rate (100 cm3/min), the time needed for change is nearly
he same as that required for the gas substitution in the equip-
ent. Therefore, the emf  seems to follow the change of gas activity
mmediately. Approximately 2 mV  of emf  was measured under the
ondition that the activities of hydrogen and oxygen on both elec-
rodes were completely the same with each other. It was assumed
hat it occurred from the thermal electromotive force due to the
nevitable small temperature difference between the outer and the
nner side of the electrolyte. Therefore, regarding these emfs as the
ackground of the measured value, all the reported emf  values were
orrected for it.
.2. Electromotive force of hydrogen concentration cell
Fig. 3 shows the emf  of the hydrogen concentration cell plotted
gainst the hydrogen activity of the measuring electrode at the tem-
eratures 973, 1273, 1373 and 1473 K. In each measurement, the
xygen activities of both electrodes were kept at the same constant
alue, which is shown in each ﬁgure. The solid line in the pictures
epresents the following Nernst equation, which is valid when the
ransport number of proton is unity.
 = −RT
2F
ln
P ′′H2
P ′H2
(22)
here R is the gas constant, T is the absolute temperature, E isPlease cite this article in press as: B. Jinxiao, et al., Electrochemical pr
(2016), http://dx.doi.org/10.1016/j.jascer.2016.05.007
he electromotive force and F is the Faraday constant. The mea-
ured value coincides well with this calculated value. Therefore,
n a hydrogen-rich atmosphere, the transport number of proton is
nity over the wide temperature range investigated.nges of gas compositions.
3.3. The emf of oxygen concentration cell
Fig. 4 shows the emf  of the oxygen concentration cell plotted
against the oxygen activity of the measuring electrode. In each mea-
surement, the hydrogen activities of both electrodes were kept at
the same constant value, which is shown in each ﬁgure. The solid
lines in the pictures represent the following Nernst equation, which
is valid when the transport number of oxide ion vacancy is unity:
E = RT
4F
ln
P ′′O2
P ′O2
(23)
Under such a hydrogen-rich atmosphere, any oxygen potential
gradient does not generate signiﬁcant emf  and it was  concluded
that the transport number of oxygen ion vacancy at hydrogen-rich
atmosphere is almost negligible.
3.4. The emf of hydrogen-oxygen concentration cell
Fig. 5 shows the emf  of the hydrogen-oxygen concentration cell
plotted against the hydrogen activity of the measuring electrode.
In each measurement, the water vapor activities of both electrodes
were kept at the same constant value, which is shown in each ﬁgure.
The solid lines in the pictures represent the following theoretical
emf, which was derived from Eq. (21) with the assumption that the
sum of the transport number of proton and oxide ion is unity.
E = −RT
2F
ln
P ′′H2
P ′H2
= RT
4F
ln
P ′′O2
P ′O2
(24)
Measured values were in good agreement with estimated ones
in wide temperature and surrounding water vapor activity ranges.
As has been already mentioned in Sections 3.2 and 3.3, the transport
number of proton is almost unity and that of oxygen ion vacancy
can be ignored; therefore, the obtained results were reasonableoperties of CaZrO3--based solid electrolyte, J. Asian Ceram. Soc.
in the low temperature. According from the result of the experi-
ment, the deviation between measured and calculated values was
increased with increasing temperature. It is because, as the temper-
ature increases, the dominant charge carrier is slowly transformed
274
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Fig. 3. Electromotive force of hydrogen concentration cell.
Fig. 4. Electromotive force of oxygen concentration cell.
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rom the proton to the proton and other charge carriers. Based on
he previous research for the electrical conductivity measurements
f CaZr0.95Y0.05O3−˛ specimen [10,13], we knew that the system the
ransport number of proton and oxide ion vacancy can be estimated
t any temperature and atmosphere conditions. Therefore, we can
valuate the values of the hydrogen and the oxygen activity at
hich both the transport numbers are identical and can determine
 part of the boundary of the conduction domain area [14].
. Conclusion
The following gas concentration cell using CaZr0.96Y0.04O3−˛ as
he electrolyte was made and its emfs were measured for various
etups of the activity gradient.
−, ref.), Pt, gas mixture(p′O2 , p
′′
H2
)|CaZr0.96Y0.04O3−˛|
gas mixture(p′′O2 , p
′′
H2
), Pt, (meas, +.)
Under the hydrogen-rich atmosphere investigated, it was found
hat the emf  generated only with the hydrogen activity gradient.
he detailed analysis of the obtained emf  data showed that the
ransport number of proton in CaZr0.96Y0.04O3−˛ is almost unity for
he hydrogen-rich atmosphere and its proton conduction domain is
 little wider than that of the In-doped CaZrO3 system. It is because,
aZrO3 doped with In2O3 is resistant to the reaction with carbon
ioxide, it has the problem that the dissolved component, In2O3,
s easily reduced at high temperatures according to the reaction,Please cite this article in press as: B. Jinxiao, et al., Electrochemical pr
(2016), http://dx.doi.org/10.1016/j.jascer.2016.05.007
n2O3(s) → In2O(g) + O2(g), which results in the loss of In and a
ecrease in the proton conductivity.
The measured emfs obtained for the condition where the trans-
ort number of the proton was less than unity were in good
[
[en-oxygen concentration cell.
agreement with the theoretical ones calculated using the conduc-
tion parameters determined by previous work on the conductivity
measurements. The conduction parameter, and therefore, the
model of the defect structure presented in the previous paper for
CaZr0.96Y0.04O3−˛ are conﬁrmed reasonable.
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